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Like most species of lactic acid bacteria, Lactubacillzls delbrzreckii subsp. bzllgariczis (referred to in this paper as L. bdgarzctls) is auxotrophic for many amino acids (Mou et al., 1975) and possesses a complex proteolytic system to degrade proteins, particularly caseins in milk (Atlan e t a/., 1994) . Recently, we have cloned in Escherichia coli and sequenced the L. bdgariczlsPePIP gene, encoding a cellenvelope proline iminopeptidase (PepIP) (EC 3.4.11 .5) (Atlan et a/., 1994) with a predicted M, of 33006. PepIPs are able to hydrolyse peptides with proline at the ultimate position. Two intracellular PepIPs have been previously described in lactic acid bacteria, Lactobacillus casei (Makinen, 1969) and Lactocucczls lactis (Baankreis & Exterkate, 1991) .
In this work, we report the purification and character-F1 extracts corresponded to the supernatant recovered from sucrose-treated cells, F2 extracts (osmotic fluids) contained periplasmic proteins released from sucrose-treated cells submitted to an osmotic shock. Shocked cells were broken using a French pressure cell and centrifuged to remove unbroken cells. The supernatants (F3 extracts) corresponded to inner membrane and cytoplasmic components, Enzyme assays. Aminopeptidase activities were assayed as previously described (Atlan ed a/., 1989, 1990, 1994 ) using prolyl-(40 mM), alanyl-(40 mM), leucyl-(15 mM), lysyl-(3 mM), arginyl-(10 mM), alanyl-prolyl-(6 mM) or glycylprolyl-(5 mM) p-nitroanilide (pNA) as the substrates at 30 "C in 0.2 M Tris/HCl buffer (pH 7.0), supplemented with 0-1 YO bovine serum albumin (BSA, Sigma). All substrates were obtained from Bachem.
Standard published procedures were used for assaying 8- , 1972 ) and glucose-6-phosphate dehydrogenase (Malamy & Horecker, 1961) , using ampicillin (0.4 mM), or glucose 6-phosphate (1 mM) and NADP (0.4 mM), respectively, as the substrates.
One unit (U) of enzyme activity was defined as the amount of enzyme that hydrolysed 1 pmol substrate min-l. [In Table 3 , U represents units er mg bacterial dry weight.]
Hydrolysis of non-chromogenic peptides (Bachem) was detected by thin-layer chromatography on precoated silica gel 60 plates with a gel layer thickness of 0.25 cm (E. Merck), as described by Tan & Konings (1990) .
Electrophoretic analysis. SDS-PAGE was performed as de-
scribed by Laemmli (1970) , using 12% (w/v) acrylamide slab gels at 4 W constant power. Before electrophoresis, samples were boiled for 3 min in 0.1 M 8-mercaptoethanol in the presence of 1 % (w/v) SDS. After electrophoresis, gels were stained with 1 YO (w/v) Coomassie Brilliant Blue R250 (Prolabo) in methanol/acetic acid/water (50 : 10 : 40, by vol.) at 50 "C, and diffusion-destained in successive baths of methanol/acetic acid/water (5: 10: 85, by vol.) at 37 OC.
lsoelectric focusing in polyacrylamide gel. Before electrophoresis, the purified PepIP solution was dialysed against distilled water at 4 "C for 3 h, using a 0-05 pm membrane J (Millipore) . Servalyt precoated gel pH 3-6 (Serva) was used with the electrophoresis conditions described by the manufacturer. Electrophoresis was performed at 10 "C for 150 min with the Multiphor I1 system (Pharmacia The column was washed with 3.5 ml of the same buffer and a first linear gradient of NaCl(0-0.2 M) was run over 7 ml at a flow rate of 1 ml min-l. Then, the PepIP activity was eluted with a 20 ml linear gradient of NaCl (0.2-0-4 M) in 20 mM Tris/HCl buffer pH 7.5, at a flow rate of 1 ml min-l, and 1 ml fractions were collected. The fractions containing the PepIP activity were pooled (2 ml). Effect of divalent cations and chemical reagents on PeplP activity. The purified enzyme was preincubated in the assay buffer with or without various ions or inhibitors for 30 min at 4 "C. After addition of the substrate (prolyl-pNA), enzyme activity was determined at 30 "C in 0.2 M Tris/HCl pH 7.0, supplemented with 0.1 % BSA. N-terminal sequencing. The sample was prepared by applying the purified enzyme solution to a C, column and eluting at 46 % (v/v) acetonitrile/trifluoroacetic acid buffer by reverse-phase chromatography. The polypeptide sequence was determined by the Edman degradation method using a pulse-liquid sequencer (model 470.1 ; Applied Biosystems). The sequencing was carried out by the Service Central d'Analyse CNRS (Vernaison, France). Purified PepIP was used to determine the NH,-terminal amino acid sequence of the enzyme. The first 11 amino acids were identified as follows : Met, Met, Gln, Ile, Thr, Glu, Lys, Tyr, Leu, Pro and Phe, respectively.
The PI of PepIP was estimated to be p H 4.5 by isoelectric focusing (data not shown).
Effects of temperature and pH. PepIP activity was unstable when measured at low protein concentration. The addition of 0.1 % BSA in Tris/HCl buffer (0.2 M, p H 7.0) significantly stabilized the purified enzyme. The effect of temperature on enzyme activity was determined in the range 5-60 "C. Above 35 "C, initial reaction rates still increased but enzyme kinetics were not linear (data not shown) and the determination of enzyme activities was not very reliable. Therefore, PepIP activity was routinely assayed at 30 "C.
The effect of pH on PepIP activity was determined between p H 4 and 9.5 by using a polybuffer composed of malic acid, MES, HEPES and boric acid (each at 20 mM) supplemented with 0.1 % BSA and adjusted to the appropriate pH value. PepIP activity was optimal between pH 6.0 and pH 7.0. Below pH 5.5 and above pH 7.5, PepIP activity decreased rapidly (data not shown).
~~
Substrate specificity. The hydrolytic action of PepIP ton various peptides was analysed by thin-layer chrom.at- The enzyme was eluted a t a flow rate of 1 ml min-' with linear gradients of NaCl (-------) in 20 mM Tris/HCI buffer (pH 7.5).
Fractions of 1.0 ml were collected. Protein concentration ( -) was monitored by measuring A , , , .
PeplP activity (-.-) was assayed with prolyl-pNA as the substrate (as described in Methods). (Table 3 ). All di-and tri-peptides but not larger peptides containing proline at the NH,-terminal end were hydrolysed. PepIP also partially hydrolysed peptides with alanine, glycine or leucine, but not hydroxyproline, at the NH,-terminal position. Using chromogenic peptides (pNA derivatives) as substrates, the highest activity was obtained with prolyl-pNA ( 100  96  97  92  100  100  100  79  63  41  11  2  0  65  44  7  100  95  90  95  75  65  14  20  5  96  87  100  90  95  90  100  100  35  15  100  100 Effects of chemical reagents and metal ions. PepIP activity was completely inhibited by Zn2+ (0.5 mM) whereas Co2+, Cu2+ and Fe2+ produced only a partial inhibition of the enzyme (Table 5) . Inhibitors of metalloenzymes (EDTA, 1 ,lo-phenanthroline), compounds acting on cysteine proteases (E64, iodoacetic acid) and reducing agents (P-mercaptoethanol, DTT) had no significant effect on PepIP activity. Weak inhibition of PepIP activity was observed in the presence of PMSF (1 mM), APMSF (1 mM) and DFP (1 mM). On the other hand, only a small amount of activity was recovered after incubation with PCMB (1 mM), bestatin (0.33 mM) and 3,4-dichloroisocoumarin (1 mM), compounds known to inhibit thiol groups, aminopeptidases and serine proteases, respectively. The enzyme inactivated with PCMB was reactivated by adding DTT (10 mM).
DISCUSSION
Cloning of thepepIP gene from L. bzllgariczls CNRZ 397 in the high-copy-number vector pUCl8 and expression in E. coli K12 led to the overexpression of its product, PepIP, and allowed us to purify this enzyme. Overexpression of the L. bnlgariczls PepIP protein in E. coli cells was shown to be associated with the export of 45 % of enzyme into the periplasmic space. (Khilji & Bailey, 1978) or apricot seeds (220000; tetramer) (Ninomiya e t al., 1982) , but others have been described as monomers, such as the PepIP from Bacillm megaterizlm (56000) (Yoshimoto e t al., 1983) , Bacillzls coagtclans (33000) (Yoshimoto e t al., 1985; Kitazono e t al., 1992) , and Propionibacterizrm sbermanii (61 000) (Panon, 1990) . L. bzllgariczls PepIP is a proline-specific peptidase able to hydrolyse di-and tripeptides with proline at the NH,-terminal position, but it cannot hydrolyse tetra-or pentapeptides. This narrow substrate specificity is a property shared with a lactococcal tripeptidase, except for the ability to degrade prolyl-proline (Baankreis & Exterkate, 1991) . However, this lactococcal tripeptidase is a metalloenzyme, whereas our protease inhibitor studies suggest that a serine residue is essential for the PepIP activity of L. bzllgariczls. Analysis of the amino acid sequence deduced from the p e p P nucleotide sequence revealed the presence of a region exhibiting some homology with a catalytic site region of known serine hydrolases (Atlan e t al., 1994) . The inhibition of PepIP activity observed in the presence of PCMB might be due to the alteration of PepIP conformational stability by oxidization of a thiol group directly or indirectly involved in the catalytic site. Except for the PePIP purified from Propionibacterizlm, which is a serine protease (Panon, 1990), most PepIPs were previously described as thiol enzymes (Akrawi & Bailey, 1976; Mayer & Nordwig, 1973; Ninomiya e t al., 1982; Sarid e t al., 1962; Yoshimoto e t al., 1983) . Their activities are optimal in a pH range from 8 to 9. In contrast, the optimal pH of PepIP from L. bzlkariczls, as by SDS-PAGE.
well as those from Bacilltrs megaterizlm (Yoshimoto et al.. 1983) and B a c i l h coagtrlans (Yoshimoto & Tsuru, 1985 , Kitazono etal., 1992 , is near 7. The enzymes from bacilli also display a PI of 4-6, which is very similar to that of L. btrlgariczls peptidase (4.5). However, these PepIPs display a marked difference in their substrate specificity: only Bacillw PepIPs hydrolyse tetra-or pentapeptides with it proline at the NH,-terminal position.
Thus, the L. btrlgaricw PepIP differs from the other PepIP j already identified in its biochemical properties and also iri its probable cellular location (Atlan et al., 1994; Baankreis & Exterkate, 1991 ; Makinen, 1969; Panon, 1990) . Up to now, in most strains only one X-prolyl dipeptidyl aminopeptidase has been shown to hydrolyse peptides containing proline (Atlan e t al., 1990; Casey & Meyer, 1985 ; Khalid & Marth, 1990; Kiefer-Partsch e t al., 1989; Meyer & Jordi, 1987; Zevaco e t al., 1990) . The L,. bdgaricm PepIP reveals a new way for peptides containins proline as the NH,-terminal residue to be utilized.
